Following descriptions of the phenomena studied, the digitization procedures are outlined along with a discussion of important sources of error. The data analysis procedures are described, and then descriptions of the spatial and temporal structure and scales of the fronts and eddies, and theft interactions, are presented.
INTRODUCTION
Satellite-derived data were used to analyze the temporal and spatial variability of the position of three surface thermal features of the Northwest Atlantic: the shelf water-slope water thermal boundary (hereafter referred to as the shelf-slope front); the Gulf Stream front; and the warm-core, anticyclonic eddies (hereafter referred to as the eddies) which are shed by the Gulf Stream and propagate southwestward along the shelfbreak from the general vicinity of Georges Bank. Surface position data were obtained from 2 years of weekly experimental ocean frontal analysis (EOFA) charts produced by the U.S. Naval Oceanographic Office [1975] [1976] [1977] ; Figure I shows ify the positions of fronts obtained from the images and to quantify temperature differences across the fronts.
Following descriptions of the phenomena studied, the digitization procedures are outlined along with a discussion of important sources of error. The data analysis procedures are described, and then descriptions of the spatial and temporal structure and scales of the fronts and eddies, and theft interactions, are presented.
BACKGROUND
Shelf-slope front. In satellite thermal imagery the shelfslope front is a continuous and persistent feature from the an example chart with our digitization grids superimposed. Middle Atlantic Shelf northeastward along the Scotian Shelf. The surface temperature fronts (the shelf-slope and Gulf It is the surface manifestation of a thermalhaline front, which 
meanders of the Gulf Stream with wavelengths between 200
From 1970 through 1976 the average propagation speed for and 400 km, which propagated downstream at 5-10 cm/s; the the eddies was 3.5-8 cm/s, and their life span was frequently average wavelength was 320 km, and the average phase speed greater than half a year [Lai and Richardson, 1977] . (In fact, was 8 cm/s. Most meanders grew as they propagated down-eddy B was tracked for a year [Perchal, 1975] .) Occasionally, stream, which suggests that they were unstable. Robinson et al. eddies stall or drift slowly northeastward for short periods (2 [1974] studied the variability of the Gulf Stream with periods or 3 weeks) before continuing southwestward. Twenty eddies between 1 day and 2 months. Again, large-scale meanders were observed during the 7-year period, with an average of grew and propagated downstream. In addition, meanders with three present between Cape Hatteras and the Grand Banks. periods as short as 1 day often produced cross-stream motions Their diameter averaged about 100 km, and they tended to of the front several times greater than those associated with shrink in size and propagate faster as they approached Cape the large-scale meanders. Using Goes 1 images, Maul et al. Hatteras [Gotthardt, 1973b] . During 1974 and 1975 an average [1978] found dominant periods of 45 and 5 days for Gulf of three eddies per year affected Deepwater Dumpsite 106 Stream meanders off New England. The present study re-(38.7ø-39øN, 72ø-72.5øW), where they had an average resisolves the dominant, large-scale meanders but not those with dence time of about 22 days per eddy [Bisagni, 1976] . periods less than 2 weeks. Near the shelfbreak, the eddies tend to force near-surface The Gulf Stream meanders frequently grow large enough shelf water offshore at their northeast edge (for example, edto produce cyclogenesis and anticyclogenesis. The anti-dies H and J in Figure 1 ), thereby forcing large-amplitude, cyclonic eddies formed to the north of the Stream (for ex-seaward perturbations of the shelf-slope front. In one case, ample, eddies H and J in Figure 1 ) are examined here for their Morgan and Bishop [1977] observed a 50-m-thick 'tongue.' influence on the shelf-slope front. Saunders [1971] , Gotthardt They estimated that a sizeable fraction of the total exchange [1973a], Gotthardt and Potocsky [1974] , and Stumoef and Rao across the shelf-slope front may result from the offshore en- [1975] have studied their formation and 'life cycle' using satel-trainment of shelf water from these tongues. In another case, lite thermal imagery. They usually form east of70øW. Those Saunders [1971] observed a 50-kin-wide tongue; it extended that form east of 65øW usually develop well offshore of the from the surface to a depth of 170 m, the coldest water lying shelf-slope front, propagate westward to strike the Scotian between 50 and 120 m. Hence the tongues of shelf water obShelf or Georges Bank, and then propagate southwestward served in satellite images cannot be dismissed arbitrarily as inalong the continental slope. Those that form between 65ø and significantly thin.
Shoreward perturbations of the bottom front can be forced by the eddies in their southwest quadrant [Chamberlin, 1976] .
However, shoreward movement of the surface front was not produced by most eddies examined in the present study.
METHODOLOGY
was minimally smoothed to produce a single-valued position of the frontal locus, which was then digitized [Halliwell, 1978] .
Sampling errors. Errors arise in the preparation of the EOFA charts and in the digitization procedure. The EOFA errors result primarily from poor satellite images, overlay misalignments, and distortions due to the earth's sphericity The coordinate grids. the shelf-slope front, Gulf Stream front, and the eddies from the EOFA charts, two coordinate systems were used. The shelfbreak grid (Figure 1 ), used to digitize the shelf-slope front and the eddies, is a curvilinear coordinate system aligned with the shelfbreak, represented by the 100-fathom (187-m) contour. This is a practical coordinate system for the shelf-slope front and the eddies because the mean position of the front is closely aligned with the shelfbreak, and the paths of the eddies are guided by the shelfbreak. The origin is located at the shelfbreak offshore of Cape Charles, Virginia, with xf increasing offshore and yf increasing to the northeast. The grid resolution is 10 km for x•, which is about one half the internal radius of deformation near the shelfbreak, and 15 km for y•, Owing to the curvature of the coordinate grid, the resolution of y• is exactly 15 km only along the contour x•-+30 km, near the mean position of the surface front. The front and eddies were studied between Cape Charles and the Northeast Channel (0 _< y• _< 900 km), which separates Georges Bank To digitize the weekly positions of [Perchal, 1976] . In the images, fronts can be obscured by cloud cover or if their surface temperature gradients are weak. Off the northeast United States cloud cover is most prevalent in winter, owing to frequent storms and the offshore advection of cold air over warmer water. Weak surface temperature gradients are common during summer, owing to seasonal heating. If the horizontal temperature change is of the order of the difference (0.5øC) between the discrete temperature levels sensed by the NOAA satellites, a 'false front' may appear in the image. Different shades of grey are assigned to each 0.5øC temperature band; thus if the temperature of the surface water gradually increases seaward, such as 0.6øC in 30 km, a change in grey tone will appear on the image within that 30-km interval. Sometimes these false fronts can be rejected on the basis of pattern recognition, but they may occasionally follow the shelfbreak and be mistaken for the actual front.
As a consequence of the above factors, there is no best time of the year in which to track the fronts by satellite thermal imagery. Also, these images cannot routinely provide synoptic from the Scotian Shelf. The front was not studied south of coverage of the fronts at precisely 1-week intervals. Usually, Cape Charles because it occasionally terminated there, as sections of a front must be located in two or more images durshown in Figure 1 , owing to entrainment of shelf water by the ing a week, and some sections may be obscured for the entire GulfStream north of Cape Hatteras.
week. Sea surface temperature observations from ships and The Gulf Stream grid (Figure 1 ) is a Cartesian coordinate aircraft are used to help locate the fronts, but these observasystem approximately aligned with the mean position of the tions are made irregularly in space and time and with low resStream's axis. The origin is located about 125 km northeast of olution except in the case of some research vessels. All availCape Hatteras. The cross-stream coordinate Xg is zero along able data are used to produce a 'best guess' of a representative the straight line on the EOFA charts connecting (36øN, frontal position for the week. Frontal boundaries are located 75øW) with (39øN, 65øW) and increases seaward. The within 5-10 km of their true positions when good images of alongstream coordinate yg increases to the northeast (down-strong surface temperature fronts and good sea truth data are stream). The grid resolution is 25 km for Xg, which is about available, (R. J. Perchal, personal communication, 1978) and one half the internal radius of deformation near the Gulf within 20-40 km when they are not [Perchal, 1976] . When Stream, and 90 km for ys. The Stream was studied in the region 0 _< yg _< 810 km. These end points are located approximately offshore of the end points of the shelfbreak grid. Digitization procedure. Position data were digitized by overlaying the grids on the weekly EOFA charts. The displacement, A•4yf, t), of the shelf-slope front from the shelfbreak (the intersection of the front with x•) was digitized with a resolution of 5 km. Sixty-one time series, each 104 weeks long, were thus obtained. Occasionally, the frontal locus was minimal cloud cover allows sighting a front, solid lines are drawn on the EOFA charts; otherwise, dashed lines are drawn based on the previous chart. For any particular location in our domain, fronts can be accurately located about 75% of the time on a weekly basis. Examinaiton of several time series of the shelf-slope and Gulf Stream fronts [Halliwell, 1978] did not reveal notable variations in frontal position between periods of good and poor data; changes in frontal position between these periods were less than the worst-case error estimultiple valued owing to the offshore entrainment of shelf mates given above. Consequently, no distinction is made water or the onshore entrainment of slope water. These con-between periods of good and poor data in this study. sequent tongues, most of which were forced by the eddies, Quantization errors occur because A•, Ae, and Ag are estiwere usually deflected alongshore, describing a hook pattern. mated at discrete values. The rms value of the quantization erThe minimum value of I•l• was used in these cases.
ror is [Bendat and Piersol, 1971 ] qe = 0.29A,4, where A,4 is the The width (measured normal to the shelfbreak), A e(yf, t), of resolution. Hence qe is about 1.5 km for Af and A e and about the eddies was digitized using the shelfbreak grid. The domain 7.5 km for A s. For Af and Ae the EOFA errors are larger than and resolution for Ae were the same as those for Af. A tongue the quantization errors; while for Ag they may be equal when of shelf water sometimes masked an eddy's northeast bound-good quality images of the Gulf Stream are available. ary. The middle of such an entrained tongue was taken to be the edge of the eddy. If the coherence squared between Cn and Sn equals 1, all the nonpropagating variance is due to standing waves; if it is small, the nonpropagating variance is primarily random noise. Thus a significant fraction of the total variance at each wave number and frequency was judged to result from standing waves when this coherence was significant. Clearly, caution should be exercised in interpretation because the propagating and standing wave spectra may be correlated [Pratt, 1976] .
The wave number-frequency cross spectrum between ,4 •(y,t) and ,4:(y, t) is were frequent along eastern Georges Bank (and northeastward along the southern Scotian Shelf). They were usually associated with the presence of eddies, and they often persisted for several weeks. Between Cape Charles and the Great South Channel, the front was more tightly bound to the shelfbreak except during the passage of vigorous eddies, which forced large, seaward perturbations of the surface front at their northeastern edge. These perturbations had alongshelf scales of about 100 km. The eddies did not force large shoreward perturbations of the surface front at their southwestern edge. Twice as many eddies interacted with the front during year two than during year one, as is discussed in the next section. Also, the eddies forced larger and more frequent seaward perturbations southwest of Georges Bank during year two. Hence there were substantial interannual variations in the frequency and intensity of these eddies (at least those detectable in IR imagery) and in the response of the shelf-slope front to their passage.
The front moved shoreward of the shelfbreak for three exceptionally persistent episodes. For the first episode (south- Table 2 ).
week is required to resolve them. Correlation analyses. The spatial and temporal correlation scales for A• are summarized in Table 2 had wavelengths greater than 100 km and periods greater than 4 weeks. The total wave number-frequency autospectrum (Figure 7b ) for both-years had significant peaks with wavelength and period bands summarized in Table 4 . (The autospectra for the years one and two are shown in the work of Halliwell [1978] .) The dominant perturbations had wavelengths of 100-300 km and periods of about 4-20 weeks, with little change between years one and two. A spectral peak occurred during year one and both-years with wavelengths between 70 and 220 km and a period of about 2 weeks.
Statistics of
The standing wave number-frequency autospectrum for both-years was dominated by motions with wavelengths between 100 and 500 km and periods between 10 and 52 weeks. From an analysis of standing-wave phase a node for a long- The propagating wave number-frequency autospectrum for both-years ( Figure 7c ) was dominated by motions with wavelengths of 90-300 km, periods of 4-13 weeks, and southwestward propagation speeds of 3-11 cm/s during both-years (Table 5 ). The scales and propagation speeds were similar for years one and two, but the dominant period band included some longer-period waves during year two. The average propagation speed of the dominant perturbations decreased during year two, as did the average propagation speed of the eddies (Table 3) . Since the amplitude of this spectrum was about 30% larger during year two, the dominant perturbations were probably forced by the propagating eddies. There was a secondary maximum near a period of 2 weeks for southwestward propagating waves during year one and both-years (Table 5) . For both-years the wavelength band was between 70 and 600 km, and the propagation speed ranged between 7 and 50 cm/s. Similar scales occurred for year one. The faster of these propagating pertubations may correspond to those noted in Table 3 . Table 2 ). stantially dissipated while they were passing the region near Hudson Canyon. The average residence time for an eddy at any particular point along the shelf-slope front was between 2 and 3 weeks, averaging about 3 weeks to the northeast of Hudson Canyon and about 2.2 weeks to the southwest ( Figure  10c) . On the average, 1.2 eddies were visible each week along the front for year one, and 2.4 eddies were visible each week for year two (not shown).
EDDIES
Correlation analyses. The spatial and temporal correlation scales (Table 2) for the eddies were very similar to those of the shelf-slope front. The spatial correlation scale had a mean of 80 km for year one and 81 km for year two and both-years, and its standard deviation was 18 km for both-years. Hence the eddy diameter did not vary by more than about a factor of 2. The substantial increase in the temporal correlation scale from 1.9 weeks for year one to 2.6 weeks for year two is indicative of slower propagation during year two. The spacetime autocorrelation function (Figure 11 and Table 3) showed similar temporal correlation scales but somewhat smaller spatial correlation scales. The ridges and troughs of this function were tilted and approximately parallel to each other, indicating the dominance of propagating perturbations. The average southwestward propagation speed decreased from 8 to 5 cm/s from year one to year two. It was 6 cm/s for both-years, which agrees with estimates by Lai and Richardson [1977] .
From the space-time autocorrelation functions computed over subdomains for both-years (not shown) the average propagation speed was 4 cm/s along the western end of Georges Bank and 7 cm/s along the Middle Atlantic Shelf to the south of Hudson Canyon. This result, plus the reduction to the southwest in the mean maximum A e for all eddies (Figure 10b) , confirms Gotthardt's [1973b] report that eddies tend to shrink and increase in speed as they propagate along the shelfbreak.
Spectrum analyses. The frequency autosprectra for the three cases (Figure 12a ) had significant peaks at periods between 6 and 8 weeks, about half the average time between the passage of successive eddies at any given point along the shelf. The wave number autospectrum (Figure 12b ) had a significant peak at a wavelength of about 225 km, about twice the alongshelf scale of the eddies. The total variance increased from year one to year two in both frequency and wave number autospectra owing to the larger number of eddies. In the frequency domain the increase was about 25%. In the wave number domain the increase was largest for wavelengths greater than 150 km, up to 75% near a wavelength of 225 km.
The ordinary wave number-frequency autospectrum for both-years ( Figure 13a identical ( Figures 13b and 13c) ; thus as is to be expected, the ber-frequency coherence squared (Figure 14) , there were eddies' propagating variance was dominant. (Their standing strong interactions between the shelf-slope front and the edwave variance was not analyzed.) Propagation speeds associ-dies for both-years. The most significant coherence occurred ated with the spectral peaks ranged between I and 20 ½m/s for negative k; hence the interactions between the eddies and (Table .5 ). Interaction with the shelf-slope front. From the wave num- Both-years 100 to -200 3.1-6.5 -2 to -11
The both-years case is based on Figure 14 . Negative speeds correspond to southwestward propagation. the front propagated mainly southwestward. The dominant interaction wavelength ranged between 100 and 200 km; the dominant interaction period ranged between 3 and 7 weeks (Table 6) The correlation scales (Table 3) The amplitude increased about 15% during year two for wavelengths between 180 and 500 kin. The functional dependence of the wave number autospectra on k was obscured by this large, broad peak. The dominant motions at 7 weeks and 320 km correspond to those reported by Hansen [1970] .
The ordinary wave number-frequency autospectrum for both-years ( Figure 19a) had a ridge at positive wave numbers and frequencies between 1 and 10 cpy, indicating the dominance of downstream-propagating meanders. The maximum occurred at a wavelength of 360 km between periods of 6 and 13 weeks and increased to 600 km at 52 weeks. The scales of the dominant spectral peaks of the total wave number-frequency autospectra (Figure 19b ) for the three cases are listed in Table 4 . Broad spectral peaks occurred between wavelengths of 180 and 900 km and periods of 7 and 26 weeks (Table 4) . A secondary spectral peak occurred for wavelengths less than 450 km and a period near 3 weeks during year two and both-years. (EOF mode one also had a spectral peak near 3 weeks.) . Large variance for the smaller wavelengths and shorter periods may be due to aliasing by the small-scale meanders reported by Robinson et al. [1974] . The standing wave number-frequency autospectrum was significant for wavelengths between 180 and 900 km and periods of 5-26 weeks. The propagating wave number-frequency autospectrum was dominated by long-period (_>4 weeks), downstreampropagating meanders (Figure 19c and Table 5 ). Their wavelength band was between 220 and 600 km for the three cases, and they had spectral peaks in two period bands: 6-10 and 
